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Plate 1. Map showing finite-difference model grid for the Albuquerque Basin,
New Mexico.
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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain
inch 2.54 centimeter
foot 0.3048 meter
mile 1.609 kilometer
acre 0.4047 hectare
square foot 0.09290 square meter
square mile 2.590 square kilometer
gallon 3.785 liter
cubic foot 7.481 gallon
0.02832 cubic meter
acre-foot 0.001233 cubic hectometer
43,560. cubic foot
acre-foot per acre 0.3048 cubic meter per square meter
acre-foot per year 0.001233 cubic hectometer per year
0.0013803 cubic foot per second
0.6184 gallon per minute
foot per day 0.3048 meter per day
foot per year 0.3048 meter per year
gallon per day 0.003785 cubic meter per day
cubic foot 0.02832 cubic meter
cubic foot per second 0.02832 cubic meter per second
cubic foot per second per mile 0.01760 cubic meter per second per
kilometer

Temperature in degrees Celsius (°C) can be converted to degrees Fahrenheit (°F) by the
equation:

°F = 9/5 (°C) + 32

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929--
a geodetic datum derived from a general adjustment of the first-order level nets of the United
States and Canada, formerly called Sea Level Datum of 1929.

ix



SIMULATION OF GROUND-WATER FLOW IN THE
ALBUQUERQUE BASIN, CENTRAL NEW MEXICO,
1901-1994, WITH PROJECTIONS TO 2020

By John Michael Kernodle, Douglas P. McAda, and Condé R. Thorn
ABSTRACT

This report describes a three-dimensional finite-difference ground-water-flow model of the
Santa Fe Group aquifer system in the Albuquerque Basin, which comprises the Santa Fe Group
(late Oligocene to middle Pleistocene age) and overlying valley and basin-fill deposits
(Pleistocene to Holocene age). The model is designed to be flexible and adaptive to new geologic
and hydrologic information as it becomes available, by using a geographic information system as
a data-base manager to interface with the model. The aquifer system was defined and quantified
in the model consistent with the current (July 1994) understanding of the structural and
geohydrologic framework of the basin. Rather than putting the model through a rigorous
calibration process, discrepancies between simulated and measured responses in hydraulic head
were taken to indicate that the understanding of a local part of the aquifer system was
incomplete or incorrect.

The model simulates ground-water flow over an area of about 2,400 square miles to a depth
of 1,730 to about 2,020 feet below the water table with 244 rows, 178 columns, and 11 layers. Of
the 477,752 cells in the model, 310,376 are active. The top four model layers approximate the 80-
foot thickness of alluvium in the incised and refilled valley of the Rio Grande to provide detail of
the effect of ground-water withdrawals on the surface-water system. Away from the valley, these
four layers represent the interval within the Santa Fe Group aquifer system between the
computed predevelopment water table and a level 80 feet below the grade of the Rio Grande.
The simulations include initial conditions (steady-state), the 1901-1994 historical period, and four
possible ground-water withdrawal scenarios from 1994 to 2020.

The model indicates that for the year ending in March 1994, net surface-water loss in the
basin resulting from the City of Albuquerque’s ground-water withdrawal totaled about 53,000
acre-feet. The balance of the about 123,000 acre-feet of withdrawal came from aquifer storage
depletion (about 67,800 acre-feet) and captured or salvaged evapotranspiration (about 2,500 acre-
feet).

In the four scenarios projected from 1994 to 2020, City of Albuquerque annual withdrawals
ranged from about 98,700 to about 177,000 acre-feet by the year 2020. The range of resulting
surface-water loss was from about 62,000 to about 77,000 acre-feet. The range of aquifer storage
depletion was from about 33,400 to about 95,900 acre-feet. Captured evapotranspiration and
drain-return flow remained nearly constant for all scenarios. From 1994 to 2020, maximum
projected declines in hydraulic head in the primary water-production zone of the aquifer (model
layer 9) for the four scenarios ranged from 55 to 164 feet east of the Rio Grande and from 91 to
258 feet west of the river. Average declines in a 383.7-square-mile area around Albuquerque
ranged from 28 to 65 feet in the production zone for the same period.



INTRODUCTION

Many hydrologic studies, both qualitative and quantitative, have been conducted in the
Albuquerque Basin (fig. 1) dating back to the late 19th century. Recent (within the last 5 years)
investigations of the Albuquerque Basin, in particular in the Albuquerque area, indicate that the
zone of highly productive aquifer material is less extensive and thinner than previously thought
(Hawley and Haase, 1992; Thorn and others, 1993). On the basis of these and other
investigations, officials with the City of Albuquerque have decided that a better understanding
of the hydrologic system of the Albuquerque Basin must be developed so that present and future
water demands can be met for all basin residents. In July 1992, the U.S. Geological Survey in
cooperation with the City of Albuquerque Public Works Department began an investigation
designed to reevaluate the geohydrology of the Albuquerque Basin in central New Mexico, with
emphasis on the Albuquerque area.

The study described in this report is the third of a three-phase study to quantify ground-
water resources in the Albuquerque Basin. The first phase, conducted by the New Mexico Bureau
of Mines and Mineral Resources in cooperation with the City, described the hydrogeologic
framework of the Albuquerque Basin on the basis of recent data. The results of that study are
presented in a report by Hawley and Haase (1992). The second phase of the study resulted in a
description of the geohydrologic framework and hydrologic conditions in the Albuquerque
Basin (Thorn and others, 1993). This report, a result of the third phase, describes ground-water-
flow simulations of the Albuquerque Basin based on the concepts presented in Hawley and
Haase (1992) and Thorn and others (1993), with minor revisions.

Purpose and Scope

This report describes a three-dimensional finite-difference ground-water-flow model of the
Albuquerque Basin, with emphasis on the Albuquerque area. The model incorporates recent
(July 1994) geologic and hydrologic data about the Albuquerque Basin. The model simulates
initial conditions, historical responses to ground-water withdrawals for 1901-1994, and projected
responses to selected possible future conditions to the year 2020. The hydrogeologic framework
for the model is based on material presented in Hawley and Haase (1992). Geohydrologic
characteristics of the basin are based on those presented in Thorn and others (1993). Recent
revisions to the understanding of the hydrogeologic framework are not included in these
simulations. The section Possible Model Revisions and Additional Data Needs focuses on
adapting the model to those recent revisions as well as listing those additional data needs that
would be of benefit in improving the model.

The Santa Fe Group aquifer system described in this report includes the Santa Fe Group
(late Oligocene to middle Pleistocene age) and overlying valley and basin-fill deposits
(Pleistocene to Holocene age). For a description of the properties of the Santa Fe Group and
valley and basin-fill deposits, the reader is referred to Hawley and Haase (1992) and Thorn and
others (1993). The modeling effort differs from previous modeling efforts in the Albuquerque
Basin in that: (1) the data base and data extraction system can be dynamically updated and used
for enhancements to the model as updated information on the geohydrologic system becomes
available; (2) the model simulates detailed surface-water/ground-water interaction; and (3)
disagreement between measured and simulated conditions is used to identify areas where more
information is needed to improve the understanding of the geohydrologic system.
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Figure 1.—Location of the Albuquerque Basin and the Rio Grande Rift, central
New Mexico (modified from Thorn and others, 1993, fig. 1).



Plate 1 displays the boundary of the Albuquerque Basin and the modeled area described in
this report. The boundary of the Albuquerque Basin is defined by the present extent of Cenozoic
deposits, whereas the modeled area is further restricted on the basis of structure and lithologic
constraints on the flow of ground water in the basin.

Previous Investigations

Previous investigations in the Albuquerque Basin are described in Thorn and others (1993).
Ground-water-flow modeling investigations within the basin are few in number. One of the first
ground-water modeling efforts performed in the Albuquerque area, completed by Reeder and
others (1967), predicted drawdowns to the year 2000. Most of the basic data and hydrologic
understanding for that report came from Bjorklund and Maxwell (1961). Kernodle and Scott
(1986) developed a three-dimensional simulation of steady-state conditions in the Santa Fe
Group aquifer system underlying the Albuquerque Basin. Transient ground-water flow, also in
the Santa Fe Group aquifer system in the Albuquerque Basin, is discussed in Kernodle and
others (1987). Kernodle (1992b) summarized all U.S. Geological Survey modeling efforts in the
Rio Grande Rift up to 1990 and presented guidelines for preferred approaches to modeling
alluvial-fill rift basins. Bibliographies that provide other useful references concerning the
hydrogeology of the Albuquerque Basin can be found in Kelley (1977), Borton (1978; 1980; and
1983), Wright (1978), and Stone and Mizell (1979). The investigations of Hawley and Haase
(1992) and Thorn and others (1993) are the basis for this modeling investigation.

Base Credits

All maps in this report are in the Lambert Conformal Conic projection with standard
parallels 33° 00 and 45° 00’, and central meridian -106° 00". The base for figure 1 was compiled
from U.S. Department of Commerce, Bureau of Census TIGER/line Precensus Files, 1990, scale
1:100,000.

The base for the page-size map (scale about 1:900,000) of the Albuquerque Basin was
compiled from several sources. Hydrography is from 1977-1978 U.S. Geological Survey digital
data, scale 1:100,000. Cultural features are from 1992 City of Albuquerque digital data, scale
1:2,400, and digitized from 1977-1978 U.S. Geological Survey maps, scale 1:100,000. For an
example, see figure 3.

The base for the page-size maps (scale about 1:210,000) of the Albuquerque area was
compiled from the following sources: hydrography is from 1977-1978 U.S. Geological Survey
digital data, scale 1:100,000; roads are from 1992 City of Albuquerque digital data, scale 1:2,400,
and 1977-1978 U.S. Geological Survey digital data, scale 1:100,000. Cultural features are from
1992 City of Albuquerque digital data, scale 1:2,400, and digitized from 1978, 1980, and 1983
Bureau of Land Management maps, scale 1:100,000, and 1977-1978 U.S. Geological Survey maps,
scale 1:100,000. For an example, see figure 6.

Acknowledgments

The authors wish to acknowledge the following members of the technical review team who
met monthly for the past two years to provide advice and constructive criticism during the
course of the investigation: Thomas E. Shoemaker and Norman Gaume, City of Albuquerque;
Linda Logan, New Mexico State Engineer Office; Dr. John Hawley, New Mexico Bureau of Mines

4



and Mineral Resources; William White, Bureau of Indian Affairs; and Steve Hansen, Bureau of
Reclamation. Special appreciation is offered to neighboring communities and Pueblos who
provided data that were essential to the modeling effort.The authors also extend appreciation to
Steven Lewandowski, Pat Kincaid, and Presiliano Pino, U.S. Geological Survey, for gathering
and compiling pumpage data.

MODEL DESCRIPTION

Movement of water through an aquifer may be expressed by differential equations (Pinder
and Bredehoeft, 1968). Solving these equations analytically, however, usually is not possible
because of the complexity of geohydrologic boundaries and the heterogeneity and anisotropy of
aquifer materials. A digital ground-water-flow model can be used to solve the ground-water
flow equation numerically through the use of a computer. A solution using this technique is not
unique in that any number of reasonable variations in the representation of the geohydrologic
system used in the model may produce equally acceptable results. Nevertheless, the model is a
tool that can be used to help understand an aquifer system, project aquifer responses to assumed
stresses, and evaluate needs for additional information about the aquifer system that would
improve the representation of the system. Assumptions and simplifications are made in the
formulation and solution of the mathematical equations; therefore, a ground-water-flow model
is only an approximation of the geohydrologic system, and results of simulations made with the
model need to be interpreted with this in mind.

Numerical Solution

Ground-water flow in the Santa Fe Group aquifer system in the Albuquerque Basin was
simulated in three dimensions. By assuming that the Cartesian coordinate axes x, y, and z are
aligned with the principal components of hydraulic conductivity, three-dimensional ground-
water flow through a porous medium can be expressed as follows (McDonald and Harbaugh,
1988, p. 2-1):

O g M Lo g ML g Py (1)
ox Kuge) T3y Kngy) +o Kagy) =W = Sy
where K, K,,, and K, are values of hydraulic conductivity along the x, y, and z

coordinate axes (LT 1);

h is the potentiometric head (L);

W is a volumetric flux per unit volume and represents sources and/or sinks
of water (T1);

S, is the specific storage of the porous material (L?); and

t is time (T).

The three-dimensional flow equation can be approximated by replacing the derivatives
with finite differences. The aquifer is divided into a series of cells by a sequence of layers and a
series of rows and columns that extend through each layer. Aquifer properties are assumed to be
uniform within each individual cell. Hydraulic heads are assumed to be at the center of each
model cell. The computer program used for this study was developed by McDonald and
Harbaugh (1988). The preconditioned conjugate-gradient method (Hill, 1990) was used as the
algorithm to solve the equations.



The Santa Fe Group aquifer system in the Albuquerque Basin is represented in the model
by 11 layers (fig. 2). The top of layer 1 is the water table as defined by the initial-condition,
steady-state simulation. The base of layer 4 was defined as 80 feet below the elevation of the Rio
Grande. To form the elevation surface (fig. 3) for the base of layer 4, contour lines of the elevation
level 80 feet below the river surface were extended to the basin margins orthogonally from the
inner Rio Grande Valley. This elevation surface parallels the grade of the Rio Grande through the
basin. The saturated thickness of the aquifer between the base of layer 4 and the simulated
steady-state water-table surface was divided equally among the top four layers. Each of the top
four layers was approximately 20 feet thick in the inner valley and became thicker toward the
basin margins. The largest thickness of each of layers 1 through 4 is 92 feet in the far northeast
part of the basin. The purpose of the relatively thin upper four layers in the inner valley is to
simulate ground-water/surface-water interaction in the valley. The thicknesses of layers 5-11
range from 50 to 500 feet (fig. 2) and are consistent throughout the modeled area. On the basis of
the predevelopment condition, the total saturated thickness of the simulated part of the aquifer
ranges from 1,730 feet in the inner valley to about 2,020 feet at the far northeast part of the basin.
This interval includes the entire saturated thickness of the upper part of the Santa Fe Group in
the Albuquerque area, which contains the primary water-yielding zones in the aquifer system
(Thorn and others, 1993, p. 30, 66).

The 11 layers in the model are divided into a series of cells by a horizontal grid with 244
rows and 178 columns (pl. 1). The grid spacing varies from 656 feet (200 meters) on a side in the
Albuquerque area to a maximum of 3,281 feet (1 kilometer) on a side at the basin margins. Cell
size ranges from about 10 to about 250 acres. The model has a total of 477,752 cells, of which
310,376 are active. Each active cell requires a minimum of seven parameters characterizing
hydraulic properties.

For the steady-state condition, only the uppermost active cell in each row and column of
the model is simulated as being unconfined (water-table condition). All other cells are simulated
as being confined (artesian condition). If the hydraulic head in a cell in a confined condition falls
below the elevation of the top of the cell during a transient simulation, that cell converts to an
unconfined condition, and thus allows the simulated water table to transfer to the next lower
layer in the model as water levels decline. In the simulations described in this report, layer 6 was
the lowest layer that was allowed to convert to unconfined conditions.

The simulated predevelopment condition was assumed to exist prior to 1901. The 1901 to
1994 historical period was simulated using 59 stress periods. The historical period from 1901
through 1960 was simulated in 12 5-year stress periods, from 1961 through 1979 in 19 1-year
stress periods, and from 1980 to 1994 in 28 summer and winter stress periods, with the first stress
period in 1980 encompassing 9 months.

Use of a Geographic Information System to Construct the Model

The model is designed to be flexible and adaptive to new information. The use of a
Geographic Information System (GIS) as a data-base manager is essential to assimilate the
massive quantities of information needed for the current model and to meet the requirement that
the model evolve as more information becomes available.

































































































































WATER-LEVEL ALTITUDE, IN FEET ABOVE SEA LEVEL
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Figure 26.--Water levels measured in selected wells in the Albuquerque Basin and those simulated
in corresponding model cells (location of wells shown in fig. 27).
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Figure 26.--Water levels measured in selected wells in the Albuquerque Basin and those simulated

in corresponding model cells (location of wells shown in fig. 27)--Continued.
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Figure 26.--Water levels measured in selected wells in the Albuquerque Basin and those simulated

in corresponding model cells (location of wells shown in fig. 27)--Continued.
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Figure 26.--Water levels measured in selected wells in the Albuquerque Basin and those simulated

in corresponding model cells (location of wells shown in fig. 27)--Continued.
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Figure 26.--Water levels measured in selected wells in the Albuquerque Basin and those simulated

in corresponding model cells (location of wells shown in fig. 27)--Continued.
53



WATER-LEVEL ALTITUDE, IN FEET ABOVE SEA LEVEL

5,100

5,050

5,000

Figure 26.--Water levels measured in selected wells in the Albuquerque Basin and those simulated

=

................................

SIMULATED IN LAYER 5, ROW 51, COLUMN 131
MEASURED IN WELL 351336106315901, SANDIA ECW 1

s | 2 s L n ! L i L " 1 " " 1 L | L L n s 1 s s L . | : " "

' R

1965 1970 1975 1980 1985 1990

in corresponding model cells (location of wells shown in fig. 27)--Concluded.

54







































MODEL-INPUT FLOW RATE, IN THOUSANDS OF ACRE-FEET PER YEAR

A.--GROUND-WATER WITHDRAWAL

100 LN S SO S SN B L H B SLASALANN S e N S B B S B B R e st (et SN S BN B S S B B mt (R SRS AN S S NN SR BN SN SN N SN M
0 —
-100 |- -
B -1
s 4
= 4
-200 [ PSS S N N SN G WU S SN TN T VA TS G VNS SN UUUS NS NS WS WONT OV TN NN T S S T AU G SN S AN W I S S NN S N S S N S )
1800 1910 1920 1930 1840 1950 1960 1970 1980 1990 2000

B.--GROUND-WATER INFLOW FROM ADJACENT BASINS

100 Tt | v v rr v 1 vy vy e ey e o e vt

o
LR B R
1

_100 YRS S ST G SN UG G G YO | 1 1 P A ST S S D S S W W W W 1 | I S S T LS VU WO SO W N T I fl | 1 11 1 )
1900 1910 1920 1830 1840 1950 1960 1970 1980 1990 2000
C.--MOUNTAIN-FRONT AND TRIBUTARY RECHARGE
300 T rrrryrrorr—|—rvrg1v 4o v | ¢+ ~—Tr—7rr7Ty 5y T oty 1T 1 11T ] T T
200 |-

100

'SR ST ST STV WO NS WO SO O

O-IILIIIIIIllllLllllllllllllLIllllIllllllllllllllll
1800 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

D.--IRRIGATION SEEPAGE

100 [ At N S B TN NN S S SN N RN DO R SN HD N R N B HNL S S AU S (A B AR S SR I RS S B RN AU R N D I RN B B N S A B ]

[ / ~\ ]

O i / —-:

_100 [ L L L [ l 'l L 1 1 I 1 1 1 y e I y) 1 o AL l - 1 ' 'l l 1 1 L 1 I 1 Fl k 1L I 1 1 1 1 I 1 1 1 L l 'l A A i
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

E.--SEPTIC-FIELD RETURN FLOW

100 ] T T T T T T T T T ]

0 - .

_1 OO [ L 1 1 | 1 | 1 | i i
1900 1920 1940 1960 1980 2000

Figure 36.--Model-input flow rates for the 1901-1994 historical simulation of the Albuquerque
Basin. Positive numbers indicate a source of water and negative numbers
indicate a discharge of water. 67



NET MODEL-DERIVED FLOW RATE, IN THOUSANDS OF ACRE-FEET PER YEAR
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Figure 37.--Net model-derived flow rates for the 1901-1994 historical simulation of the Albuquerque

Basin. Positive numbers indicate a source of water and negative numbers indicate

a discharge of water.
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To evaluate the influence of ground-water withdrawal by the City of Albuquerque on the
aquifer system, a modified simulation of the historical period was done. The modified
simulation is the same as the standard historical simulation except that withdrawals by the City
of Albuquerque are not simulated. By comparing the net water budgets of the two simulations,
the simulated sources of water to compensate for ground-water withdrawal by the City can be
estimated. The sources of the City of Albuquerque withdrawals for the 1901-1994 simulation
period are shown in figure 38. Flow rates plotted for stress periods of 1 or more years are those at
the end of each stress period. Flow rates plotted for the part of the simulation where seasonal
stress periods are used are the weighted-average rates for each pair of summer and winter
seasons. River and canal seepage and reduced drain flow are net losses in surface water, which
reduce the flow of the Rio Grande; therefore, they are combined. The abrupt changes at the end
of 1960 shown in figure 38 are a result of two changes in the simulation. The increase in
simulated City withdrawal is relatively rapid because the stress period changes from 5 years,
where the simulated withdrawal is the average of 1956-1960, to 1 year, where the 1961
withdrawal is simulated. As a result, the change in withdrawal that appears to be from 1960 to
1961, a 1-year change, is more representative of the change from 1958 to 1961, a 3-year change.
The rapid reduction in the volume of salvaged evapotranspiration and rapid increase in the
depletion of flow in the Rio Grande are a result of the revitalization of the drain system in the
inner valley during the 1950’s. The revitalized drain system, which was simulated beginning in
the 1961 stress period, is more efficient than the previously existing system. Thus, the revitalized
drains salvage water that otherwise would have discharged as evapotranspiration and deliver it
to the Rio Grande. Therefore, lowering of the water table as a result of City withdrawals, which
would have reduced evapotranspiration prior to drain revitalization, depletes flow in the Rio
Grande by reducing ground-water discharge to the drains.

The net water budgets for the modified (without City withdrawals) and standard (with
City withdrawals) simulations and the differences are listed in table 6 for 1960, 1979, and 1994.
All sources of recharge (mountain-front and tributary recharge, ground-water inflow from
adjacent basins, irrigation seepage, and septic-field return flow) are combined in table 6. The
simulated withdrawal by the City of Albuquerque for 1960, which is the 1956-1960 average
withdrawal over the 5-year stress period, was 34,300 acre-feet. About 40 percent of the water to
compensate for this withdrawal (13,600 acre-feet) came from net storage; 26 percent (9,000 acre-
feet) from river, canal, and reservoir leakage; about 12 percent (4,100 acre-feet) from drain
seepage; and about 20 percent (7,000 acre-feet) from riparian and wetland evapotranspiration
(percentages sum to 98 percent because of rounding). The net loss from surface water (river,
canal, and reservoir leakage and drain seepage) was 31 percent (13,100 acre-feet).

For 1979 the simulated withdrawal by the City was 86,400 acre-feet. About 56 percent of
the water to compensate for this withdrawal (48,100 acre-feet) came from net storage; about 19
percent (16,000 acre-feet) from river, canal, and reservoir leakage; about 25 percent (22,000 acre-
feet) from drain seepage; and about 1 percent (1,000 acre-feet) from riparian and wetland
evapotranspiration (percentages sum to 101 percent because of rounding). The net loss from
surface water was about 44 percent (38,000 acre-feet).
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MODEL-DERIVED FLOW RATE, IN THOUSANDS OF ACRE-FEET PER YEAR
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Figure 38.--Sources of City of Albuquerque withdrawals, 1901-1994.
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The simulated withdrawal by the City for spring 1993 to spring 1994 was 123,000 acre-feet.
About 55 percent of the water to compensate for this withdrawal (67,800 acre-feet) came from net
storage; about 20 percent (24,000 acre-feet) from river, canal, and reservoir leakage; about 24
percent (29,000 acre-feet) from drain seepage; and about 2 percent (2,500 acre-feet) from riparian
and wetland evapotranspiration (percentages sum to 101 percent because of rounding). The net
loss from surface water was about 43 percent (53,000 acre-feet).

PROJECTED SIMULATIONS TO 2020

Four projections of possible future ground-water withdrawals by the City of Albuquerque
were simulated to provide estimates of the effects of these future City withdrawals on hydraulic
heads within the aquifer and on flow in the Rio Grande. The future withdrawal scenarios (Tom
Shoemaker, City of Albuquerque, written commun., June 17, 1994) are: (1) a medium growth rate
(Bureau of Business and Economic Research, 1993) and a 30-percent reduction in ground-water
withdrawals by conservation implemented over 5 years; (2) the medium growth rate with new
wells located only near the Rio Grande; (3) the medium growth rate with new wells located in
accordance with the City’s Decade Plan Update, FY95-FY0O8 (Roy Robinson, City of
Albuquerque, Water Utility Division, written commun., 1994), hereafter referred to as the Decade
Plan Update; and (4) a nearly straight line continuation of the current historical trend (current
trend) with new wells located as in the Decade Plan Update. A fifth projection was run without
City withdrawals to determine by superposition the City’s incremental impacts on the basinwide
water budget for the four scenarios. All projections begin in the spring of 1994 and end in the
spring of 2020. The City of Albuquerque’s historical ground-water withdrawals and projected
withdrawals to the year 2020 for the three projected withdrawal rates are shown in figures 39-41.

The City of Albuquerque’s ground-water withdrawal rates and distribution are the only
differences among the scenarios. The growth rate for public-supply systems other than
Albuquerque’s was simulated to follow the Bureau of Business and Economic Research (1993)
medium growth rate by county. Irrigation seepage loss and self-supplied commercial and private
domestic withdrawals and returns were kept constant at the 1990 rates. Simulated mountain-
front recharge and tributary recharge were held constant at the long-term mean (the base value
upon which departures were imposed for the historical simulations).

Except for the current trend projection, population growth projections for 1995-2012 for the
City of Albuquerque are based on the Decade Plan Update. Thereafter, the growth rate is based
on the Bureau of Business and Economic Research (1993) medium rate for Bernalillo County. The
projected rates of population growth for the current trend were increased until an approximate
straight-line continuation of the current trend of ground-water withdrawal was obtained.

The City of Albuquerque water-service area was divided into seven different areas (fig. 42)
of anticipated growth. The growth divisions were delineated by aggregating 37 trunk and zone
areas as shown in the Decade Plan Update. Each well field in the city water system was assigned
to a particular division; therefore, the projected increase in withdrawal from each well field is in
proportion to the projected increase in population served within each division. Table 7 lists the
growth rate from 1994 to 2020 for each division. In addition, the planned completion of and
production from new wells as described in the Decade Plan Update were simulated.
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Figure 39.--Historical (1933-1994) and projected (1994-2020) ground-water withdrawal by the City
of Albuquerque assuming medium growth and 30-percent conservation (data from
Bjorklund and Maxwell, 1961; Sorensen, 1982; Wilson, 1992; files of the City of
Albuquerque; and files of New Mexico State Engineer Office, Albuquerque).
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Figure 40.--Historical (1933-1994) and projected (1994-2020) ground-water withdrawal by the City
of Albuquerque assuming medium growth (data from Bjorklund and Maxwell, 1961;
Sorensen, 1982; Wilson, 1992; files of the City of Albuquerque; and files of New
Mexico State Engineer Office, Albuguerque).
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passageway-riddled clay may be necessary and more appropriate. The present approach
completely cuts off vertical movement of water from surface sources to the deep ground-water
system. The objective of seeking another simulation approach would be to maintain some small,
and as yet unknown, amount of vertical flow.

Two approaches are feasible. One approach would be to convert a hydraulically
disconnected cell location to a specified vertical flux. However, estimates of the amount of this
flux would be unsupported by field evidence and could only be bounded by zero as a lower limit
and the maximum flux before disconnection as an upper limit. Another approach would be to
actually simulate the passageways as randomly placed, high horizontal hydraulic-conductivity
and vertical leakance cells within a matrix of cells that have lower hydraulic conductivities and
leakances than presently simulated. Presumably, this would allow some cell locations in the area
to maintain top-to-bottom connection through the alluvial aquifer. The second approach, which
is a better approximation of the conceptual system, is preferred.

Incorporation of Additional Data

The model documented in this report was designed to assimilate new information with
relative ease despite its great numerical complexity and detail. All data are maintained as
"layers” of information in a GIS. Corrections made to the model in the future can be
accomplished using interactive graphic procedures, and the revised GIS data layer can then be
interfaced to the ground-water-flow model. As simple as this process sounds and actually is, it is
still very time consuming because of the magnitude of the computational task of completing the
interface and running the model.

Land-Cover and Hydrography Data

The Bureau of Reclamation recently (summer 1994) completed GIS "layers" of land cover
and hydrography for the Albuquerque Basin for the mid-1930’s, mid-1950’s, and 1993. These
data could be blended into existing time-series land-cover data to provide more even transitions
over time in the simulations.

The mid-1950’s data would be particularly useful because they immediately postdate a
major revision of the diversion and drainage networks. By the 1950’s, sediment accumulation in
the channel of the Rio Grande began to cause the drains constructed by the MRGCD to cease to
function. In the mid-1950’s, the Bureau of Reclamation, on the MRGCD's behalf, deepened the
channel and reconstructed the drain system. The Bureau of Reclamation also constructed flood-
control levees to restrict the floodway. Bureau of Reclamation 1955 land-cover data (not available
in time for use in the present model) would be a valuable addition to later versions of this model.

Extension of Utility Services

The City of Albuquerque Public Works Department maintains GIS data bases of sewer and
water-utility service areas. When the data bases were recently constructed, historical records of
expansion dates of these infrastructures were incomplete. However, careful records of current
changes and additions are kept and could be used to correctly simulate decreased areas of
private supply and disposal systems.
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For the present model, the extent of service areas for sewer and water systems other than
Albuquerque's was estimated rather than accurately mapped. The actual extent of these smaller
systems could be added to the model input.

Ground-Water Withdrawals

Revisions to the model need to include updated information on ground-water
withdrawals. Current daily records of withdrawal for each production well are monitored by
telemetry and stored in computer files by the City of Albuquerque. Records for other users may
be as much as a year out of date and present problems for keeping model historical simulations
accurate and current.

Numerical Enhancements

The following are two possible revisions to the model. The revisions would require either a
modification of the computer model or the development of a complicated new interface between
the GIS and the model.

Interbed Compaction

The current model does not simulate interbed compaction and inelastic release of water
from aquifer storage. The original intent was to include interbed compaction in the simulation;
however, the existing computer code (Leake and Prudic, 1988) is intended for use in artesian
conditions with constant overburden load. A more appropriate computer code written for water-
table aquifers and variable loading (Leake, 1991; 1992) is being documented; when it is available,
the current ground-water-flow model could be revised to include interbed compaction and land
subsidence.

The confined storage coefficient of an aquifer has elastic and inelastic components. The
elastic component is recoverable but the inelastic component is not because it is due to a
permanent deformation of the structural matrix of the aquifer-system material. For clays, the
material most likely to compress, the clay platelets first orient into a common plane; finally, given
enough pressure, structure-supporting intermolecular water is pressed out. In the process, not
only is storage capacity lost but low-permeability clay can become virtually impermeable,
increasing the ratio of horizontal to vertical hydraulic conductivity and reducing vertical flow in
the system. The inelastic component of the storage coefficient is larger than the elastic by at least
an order of magnitude. The inelastic component does not come into effect until a threshold
stress, called the preconsolidation stress, is exceeded. Every time this threshold is exceeded the
system permanently loses storage capacity. Hence, a hysteresis loop in both interbed compaction
and storage recovery is established as hydraulic heads are cyclically lowered. The cycle period
may be locally as short as the daily operation cycle of a well or regionally as long as the seasonal
peak of water-system demands.

Water is released from aquifer storage when interbeds of fine-grained material are
compressed and compacted either by a reduction in interstitial pore pressure or by an increase in
overburden loading. The effects of compaction propagate and accumulate upward, resulting in
land subsidence that is often accompanied by the development of tensional fissures.
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Land subsidence resulting from lowering of the water table and dehydration of shallow
beds of clay- and organic-rich material is known to be occurring in the Rio Grande flood plain
near Albuquerque. Locally, land subsidence has been observed to be as much as 2 feet in the
center of broad depressions that extend as much as several hundred feet in diameter. Most of
these depressed areas correlate with swampy or transitional wetlands mapped from 1935 aerial
photography by the National Biological Survey. A similar situation in the El Paso, Texas, area
was reported by Land and Armstrong (1985) and simulated by Kernodle (1992a).

In addition to localized subsidence features in the flood plain, preliminary indications
based on repeated first-order leveling are that broad areas outside of the flood plain may be
subsiding as well. Subsidence outside of the flood plain results from compaction of beds at a
considerable depth below land surface and would therefore be much less focused than
subsidence in the valley.

Anisotropy Proportional to Stress

Measured horizontal to vertical hydraulic-conductivity anisotropy can be related to the
amount of stress applied to an aquifer system. Ratios of horizontal to vertical hydraulic
conductivity for an aquifer test conducted and analyzed in the Tesuque Formation of the Santa
Fe Group by Hearne (1985) ranged from 250:1 for regional unstressed conditions to 20,000:1
during the aquifer test (Hearne, 1985; Kernodle, 1992b, table 4). Hearne (1985) attributed the
apparent discrepancy to the differences in the tortuosity of the flow path of water around low-
conductivity aquifer material under unstressed versus stressed (pumped) conditions.

The present model of the Albuquerque Basin simulates the ratio of horizontal to vertical
hydraulic conductivity as uniformly 200:1, a relatively low anisotropy ratio for a highly stressed
area such as the immediate Albuquerque area (Kernodle, 1992b, table 4). It would be difficult but
probably not prohibitively so, using the GIS, to simulate the anisotropy ratio as a function of the
local amount of stress on the aquifer system--that is, to simulate the anisotropy ratio as a function
of the distance from large-capacity production wells. As significant as this change probably
would be to simulated vertical head gradients in the historical simulations and projections to
2020, presently there are virtually no measured vertical head gradients in highly stressed areas
against which simulated values could be compared. A network of nested piezometers in the
Albuquerque area would be needed to determine vertical head gradients and thereby allow
simulation refinement of the estimate of this hydraulic property.

Data Needs

The following information would either eliminate sources of error in simulated stresses
and boundary conditions or provide more accurate and reliable field data against which the
model can be calibrated. Most of these needs were discussed in previous sections of the report.
The list of data needs is restricted to those that would be of immediate beneficial use in model
improvement.
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Dedicated Observation Wells in the Albuquerque Area

A network of multicompletion piezometers is needed in the main area of ground-water
withdrawal in Albuquerque to accurately determine the water table, vertical hydraulic-head
gradients, and changes in hydraulic heads with time. Improved head data will allow model
refinement and, in conjunction with microgravity surveys described below, determination of
aquifer specific yield. The Albuquerque area in the basin is singled out because ground-water
withdrawals have caused steep vertical hydraulic-head gradients (fig. 53) and no wells are
appropriately constructed to measure them. Piezometers in other parts of the basin would be
useful but less critical. Completion of the wells would also allow geophysical tests, collection of
aquifer samples, and sampling for isotope and trace- and common-element analyses of
formation water.

Direct Measurement of Surface-Water Losses

During 1992-1994 the Bureau of Reclamation has conducted a surface-flow measurement
program at Bernalillo and Isleta (pl. 1). By using preliminary statistical analyses of paired-flow
measurements, winter losses in the reach were found to be about 33,000 acre-feet per year (Steve
Hansen, written commun., May 1994) although the number of samples was so low that the
uncertainty in the estimate was about the same magnitude as the estimate itself. These
measurements are scheduled to continue until the spring of 1995.

Direct Measurement of Change in Aquifer Storage

The amount of change in the volume of water in storage can be calculated using repeated
microgravity surveys. These surveys, in conjunction with a good network of water-table
measurements, would then allow direct computation of local values of specific yield.

Better Vertical Control on the River, Canals, and Drains

Lack of accurate vertical control for surface-water features probably is the greatest cause of
differences between measured and simulated hydraulic heads. At least in the Albuquerque area,
surface altitudes for water in the Rio Grande, canals, and drains need to be determined to within
1 or 2 feet. The riverside drains, which probably exert the greatest control on shallow ground-
water levels in the valley, need to be given priority for accurate altitude determination.
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SUMMARY

The study described in this report is the third of a three-phase study to quantify ground-
water resources in the Albuquerque Basin. The first phase, conducted by the New Mexico Bureau
of Mines and Mineral Resources in cooperation with the City, described the hydrogeologic
framework of the Albuquerque Basin on the basis of recent data. The second phase of the study
resulted in a description of the geohydrologic framework and hydrologic conditions in the
Albuquerque Basin. This report, a result of the third phase, describes ground-water-flow
simulations of the Albuquerque Basin based on the concepts developed in the earlier study
phases.

The model simulates ground-water flow in the Pleistocene to Holocene valley-fill alluvium
and the late Oligocene to middle Pleistocene Santa Fe Group basin-fill deposits in the
Albuquerque Basin, and underflow from adjacent basins. The simulations include
predevelopment (steady state), the 1901-1994 historical period, and four possible scenarios of
ground-water withdrawal from 1994 to 2020.

The model simulates ground-water flow over an area of about 2,400 square miles to a depth
of 1,730 to about 2,020 feet below the water table. Because one of the major objectives of the
simulations is to define the effect of ground-water withdrawals on the surface-water system,
emphasis is placed on the shallow-aquifer system. The top four layers of the 11-layer model
represent the 80-foot thickness of alluvium in the incised and refilled valley of the Rio Grande.
Away from the valley, these four layers represent the interval within the Santa Fe Group aquifer
system between the water table and a level 80 feet below the grade of the Rio Grande. Most
ground-water withdrawals from the system are from the upper Santa Fe Group (the top nine
model layers) in the Albuquerque area east of the Rio Grande.

The model is designed to be flexible and adaptive to new information. The use of a
Geographic Information System (GIS) as a data-base manager is essential to assimilate the
massive quantities of information needed for the current model and to meet the requirement that
the model evolve as more information becomes available. The GIS was used to prepare model
input for model layer top and bottom elevations, hydraulic-conductivity and transmissivity
values, vertical harmonic conductivity, and storage coefficients for each of the 11 model layers.
The GIS also was used to process simulated underflow to the basin, mountain-front and
tributary recharge, evapotranspiration estimates for riparian vegetation, agricultural irrigation-
return flow to ground water, and leakage to and from the river, irrigation canals, laterals, ditches,
and drains. Population data from the U.S. Department of Commerce and GIS data for utility-
service areas from the City of Albuquerque were used to compute volumes of privately supplied
water, imported utility-service water, and septic returns. Finally, the GIS was used to organize
the historical ground-water-withdrawal data provided by the City of Albuquerque and the New
Mexico State Engineer Office and to format those data for model input.

The model did not undergo a rigorous calibration process. The aquifer system was defined
and quantified in a rmanner consistent with the current understanding of the structural and
geohydrologic framework of the basin. Assigned aquifer and boundary properties were kept as
simple and uniform as possible. Discrepancies between simulated and measured responses in
hydraulic head were assumed to indicate that the understanding of a local part of the system was
incomplete or incorrect. In general, the historical comparisons of simulated and measured

109



hydraulic head were good in the Albuquerque area because the lithology and hydraulic
properties of the aquifer system are well understood. Properties simulated in the model are listed

below.

Storage coefficients

Specific yield
Specific storage

0.15
2x10*¢ per foot

Hydraulic conductivity

Rio Grande and Jemez River alluvium

Rio Puerco alluvium

Rio Grande bed

Cochiti Lake bed, canals, laterals, ditches
Drains

Lower Santa Fe, undifferentiated

Zia Sand

Middle Santa Fe and Cochiti Formation
Main body, upper Santa Fe Group
Piedmont-slope deposits

Axial-channel deposits

Vertical hydraulic conductivity

40 ft/d (0.5 ft/d for clay zone along
Rio Grande from Central Avenue to
Isleta Pueblo)

20 ft/d

0.5 ft/d

0.15 ft/d

1 f/d

2 ft/d

4 or 10 ft/d

4 ft/d

10 or 15 ft/d

10 ft/d

30 to 70 ft/d

1/200th of the harmonic mean between
laye:rs1

Riparian and agricultural

Wetland evaporation
Maximum riparian transpiration
Irrigation seepage

5 ft/yr
2.6 ft/yr (20-ft extinction depth)
1 ft/yr

Private domestic

Per capita withdrawal
Septic-field return flow

100 gallons per day (gal/d)
75 gal/d

IBecause of cementation, faults are simulated to reduce the horizontal hydraulic conductivity to 20
percent of the assigned cell value. Vertical hydraulic conductivity is unaffected.

The model simulations indicate that for the year ending in March 1994, net surface-water
loss in the basin resulting from the City of Albuquerque’s ground-water withdrawal totaled
about 53,000 acre-feet. The balance of the approximately 123,000 acre-feet of withdrawal came
from net storage depletion (about 67,800 acre-feet) and riparian and wetland evapotranspiration
(about 2,500 acre-feet). In the four projected scenarios from 1994 to 2020, City of Albuquerque
withdrawals ranged from about 98,700 to about 177,000 acre-feet by the year 2020. Resulting
surface-water loss ranged from about 62,000 to about 77,000 acre-feet. The net storage depletion
ranged from about 33,400 to about 95,900 acre-feet. Riparian and wetland evapotranspiration
and drain seepage remained nearly constant for all scenarios. Maximum projected water-level
declines from 1994 to 2020 ranged from 55 to 164 feet east of the Rio Grande and from 91 to 258
feet west of the river in model layer 9. Average production-level declines in a 383.7-square-mile
area around Albuquerque ranged from 28 to 65 feet for the same time period.
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